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PREFACE

This effort is an extension of earlier design and
hardware development by MERADCOM personnel which included a
2.65 kW photovoltaic system for a telephone communications van
and a trailer mounted 800 watt photovoltaic system for general
purpose power. The author wishes to acknowledge the support
ot two major consultants on this project -- Monegon LTD (Hal
Macomber) and Fred Costello Associates, (Frea Costello).
Furthermcre, the author wishes to thank Sam Cerami and Tony
Smith of MERADCOM for their invaluable assistance and

direction during this project.




SECTION 1

INTRODUCTION

In the conduct of its various operations the U.S. Army
requires the support of mobile electric power generating

sources. At the present time most of this need for mobile

electric power is met by engine-generator sets. The U.S. Army i
Mobility Equipment Research and Development Command !
(MERADCOM) , however, has the responsibility to develop new or
improved cost-effective equipment which will meet future U.S.
Army needs for mobile electric power generating sources.

Among the potential new power systems which MERADCOM has been

examining are solar photovoltaic power systems.

MERADCOM's examination of photovoltaic systems has con-
i sisted of a sizable number of system demonstrations ranging

from relatively small systems such as secondary battery

l. chargers to larger systems supplying a portion of the base
I power for a remote radar tracking and communication site. In-

cluded in these demonstrations have been two mobile photo-

voltaic power systems. One of the mobile systems provided

2.65 kW peak power for a telephone communications van. The
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sclar cell array for this system was attached to the van body
and designed to be opened for solar radiation collection dur-
ing operations. An electric storage battery also was incorpo-

rated into the van design.

The other mobile photovoltaic power system demonstrated
by MERADCOM was trailer mounted and consisted of the solar

cell array, battery storage and power handling equipment.

Each of the photovoltaic systems aemonstrated by MERADCOM
were composed of existing "off-the-shelf solar cell modules,
storage batteries and power handling equipment (where appro-
priate). In light of the advances technically and economical-
ly being made in photovoltaic power systems, as well as the
favorable results from MERADCOM's photovoltaic demonstra-
tions, MERADCOM solicited for a study of potential near-term
characteristics of a family of transportable photovoltaic
power systems. The study sought by MERADCOM cailed for a
determination of optimum sizes and power ratings for the
family of transportable photovoltaic systems which could be
usea in a variety of 1locations throughout the world with

variable and unpredictable loads in the range of 0.5 to 3 kW.

At the beginning of this contract effort, a meeting was
held at MERADCOM to refine the transportability requirements

for the photovoltaic system. Specifically, MERADCOM defined

- B U N




two trailer sizes as system design constraints. Their two
trailer sizes were based on
i, What a 2 1/2 ton truck could pull cross country
(maximum loaded weight of 6,000 pounds).
2. What a 3/4 ton truck could pull cross country

| (maximum iocded weignt of 1,000 pounds).

These physical weight and extrapolated size limitations
together with the conditions that the array could be mounted
in a reasonable time by two soldiers and that the battery was /):
accessible for mainteinance with the array in a stowed configu-

ration led to the definition of study boundary conditions.

A = g e

This contract effort can be summarized by four technical

f tasks which were:

o Task 1 - Analysis of Engine-Generator Inventory and
Q - -

Use for, £5 kW system.

o Task 2 - Parametric Analysis of the Transportability

of Photovoltaic System, i.e., the range ¢f size and
f weight of transportable trailers and the associated

PV generator size.

! o Task 3 - Preliminary Cost Estimates for Photovoltaic

3 Systems. '
) Task 4 - Preliminary Photovoltaic System Design.

Section 2 of tﬁis report presents the results of Task 1

! for the engine generator set planned inventory and character-
)
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- lstics. Task 1 also contained candidate photovoltaic system

configurations which would be compared with the engine-
generator characteristics identified in Task 1. Section 3 of
this report presents the results of therparametric stud},oé
sizing trade~offs between photovoltaic arrays and battery
storage capacities which were capable of at least meeting the

PR

identified engine-generator characteristics, R

The parametric analysis of photovoltaic system
transportability conducted in Task 2 focused on‘gtructural
designs for the photovoltaic array and storage battery for the
two trailer configurations. The results of this effcrt are

presented in Section 4.

Thne preliminary cost estimate support in Task 3 involved
life cvcle cost analyses for the system sizes studied in Task
1. The results of the cost analyses are presented and dis-

cusced in Section 5 of this report.

d
The Task 4 preliminary system design support consisted of

examining the results of Tasks 1, 2 and 3 and determining

characteristics of transportable photovoltaic systems.

Section 6 presents the results of this design support.

Section 7 of this report contains general conclusions of

and recommendations for future efforts.
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Descriptione of the computer runs made and copies of the
computer output are contained in Appendix A for reference.
Appendix B contains detailed analysis of structural forces for

the various designs.
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SECTION 2

ENGINE-GENERATOR CHARACTERISTICS

The Department of Defense (DOD) publishes a "Military
Standard®" (MIL-STD-633, the latest revision being 633E) for
engine-generator set characteristics entitled "Military
Standard-Mobile Electric Power Engine Generator Set Family
Characteristic Data Sheets"™. This Military Standard was pre-
pared for use by all departments and agencies of the DOD in
selecting Mobile Electric Power Engine-~Generator Sets for
applications requiring mobile electric power.
electric power engine-generator sets included in MIL-STD-633
comprice spark ignition (gasoline), and compression ignition
(diesel and multi-fuel) engine and gas turbine generator sets

which are currently in use within the military services.

The COD military standard covers the electrical output
and general characteristics for the DOD Standard Family of
Mobile Electric Power Engine Generator Sets. These mobi’e
electric power engine-generator sets vary in output capacity
from 0.5 kW to 750 kW and include electrical power outputs of

28 VDC; 60 Hertz ana 400 Hertz in conventional voltage ranges.
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A summary of the U.S. Army projected inventory of mobile

; electric power engine-generator sets for fiscal year 1990 is

For the smaller rated sets from 0.5

presented in Table 2-1.
kW to 5 or 10 kW, the prime movers for the power generator sets

generally are spark ignition engines (gasoline). The larger

generator sets from 5 kW and above generally use compression

ignition engines (diesel or multi-fuel) as the prime movers.

The study is concerned with engine-generator ;ets in the

0.5 kW to 3 kW range. A summary of representative data tor

these engine-generator sets is listed in Table 2-2. These

dat¢ are taken from MIL-STD-633.

i
i
4
i
'
1

10




Table 2-1

Projected Army Inventory of

| ‘ Generator Sets for FY1990

Generator FY FY Estimated Fuel
. Set Rating (kW) 1980 1990 Consumption-1980
% _ (Gallons) (1)
E 1. 0.5 GED 3,910 4,149 275 K
g 2. 1.5 GED 38,604 43,489 (2) 5,863 K
| 3. 3.0 GED 34,453 49,317 8,140 K
; 4. 5.0 GED 27,713 28,625 10,912 K
E | 5. 5.0 DED 868 9,138 136 K
6. 10.0 GED 14,037 17,214 9,415 K
| 7. 10.0 DED 97 2,545 29.7 K
8. 10.0 GTED - 2,340 -
; . 9. 15.0 DED 2,696 7,546 1,137.7 K
f 10. 30.0 DED 2,971 7,486 2,507 K
% 11. 30.0 GTED 1 4 2 K
E 12. 60.0 DED 7,271 7,996 12,269 K
13. 60.0 GTED 55 384 207 K
. 14, 100.0 DED -- 2,685 -
¢ ' 15. 200.0 DED 142 155 1,268 K
- : 16. 506.0 DED (3) 25 30 15.3 K
‘ 17. 750.0 DED 14 14 31.4 K

Note: 1. Fuel Consumption estimated on operation at one-half
rated load, 500 hours, 75% of assets in use over a
12 month period.
2. Standby use, Estimated use - 1 hour per menth.
3. DED -~ Diesel Engine Driven; GED - Gasoline Engine
Driven; GTED - Gas Turbine Engine Driven
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In addition to the electrical characteristics of the
engine-generator sets, it is important to the selection of
photovoltaic system characteristics whisch compare with the
engine-generators to determine an appropriate reliability
factor for these sets. Since system reliability affects
system operational availability, the reliability factor

chosen should be based upon system operational availability.

While the rated electrical output of the engine-generator
sets listed in Table 2-2 should not vary with increasing
elevations of application sites for the system sizes listed,
larger engine-generator scts must be derated at higher
elevations due to thermal considerations. This is contrast to
photovoltaic arrays which are likely to hawc iarger outputs at
higher elevations due to the combined effects of an average

higher clearness factor and lower temperatures than will be

found at sea level.

Engine generators also can be characterized as power sys-
tems which generally have small initial capital costs. The
operational, maintenance and fuel costs for these systems,
however, are likely to be high. That is, these sets generally
cannot be operated unattended thereby causing labor costs for

operations. The requirement for major overhaul after only

12
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1,500 hours together with whatever time is required for less
major repairs will tend to make maintenance costs high. Fur-
ther, the fuel costs including the price paid per gallon, the
cost for storing the fuel and the cost for transporting the
fuel to the storage site, or to the operating site will be

t..gh and are rising at a rate considerably higher than the in-

flation rate.

A current advantage of the engine-generator sets is that
it requires relatively 1little land area per kW power
delivered. the engine-generators from 0.5 kW to 5 kW require

only a land area of 2.24 ft2 (.21 M2) to 8.28 ft2 (.77 M2) not

including area for fuel storage.

A particular advantage of the solar power system over the
engine~-generator set is its silent operation and, therefore,

reduced detectability in a combat situation or interference in

any operational situation.

In addition the PV power system can operate unattended,

requires no fuels or lubricants and does not pollute the

atmosphere or any exhaust.

13
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SECTION 3

PHOTOVOLTAIC SYSTEM SIZING ANALYSES

3.1 Porametric Analysis

The design parameters for a transportable photovoltaic
% i ‘ power system place unique constraints on the design procedure
E { _ for these systems which would ordinarily be highly site
E ' 2 f specific. Consequently, parameters which are usually indepen-
; dent variables in the design procedure become dependent vari-

: | ables, because of the various use requirements.

¥Yor these reasons this system design was performed in a :

parametric fashion with the objective of producing several

well defined transportable systems which perform well in a
variety of circumstances. Because performance is so highly

dependent on the conditions of use, it was a further objective

o MR o T SO TE

to provide parametric data in an easily understood format to
assist decision makers in assessing the utility of these sys-
tems in a wide range of circumstances. The results of these

performance objectives are presented in the remainder of this

section and Section 6 which covers system characteristics.

3.
%
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, . The parameters affecting system size includc:

; o Location

; .

; o] Power Loaa

r o Load Scheaule

o System Loss of Locad Probability
! (resulting from solar insolation availability)

@ o Weight Limitetion

e ez e

o PV Panel and Battery Performance

To look at ali the possibilities of these parameters over
! a wide raange of apprlications and locations was not reasonabkle

é ‘ . and so the following simplifying strategy was implemented. '

3.2 System Sizing by Performance Versus Weight

I T T T

Clearly a limiting condition on system size is the maxi-

mum weight which can be towed by the towing venicle and so it

was decided to look at those cases where the full utility of

the weight capacity is reaiized.

Two trailer sizes were given as candidates, a one and
one-half ton trailer and a ovne-quarter ton trailer. Their '

daximum payload weights for cross-country towing are 5,600

lbs. and 1,000 1bs., respectively. Data regarding the trailer

weights and physical characteristics are provided in Table 3-1

PRSP
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and 3-2, respectively. Additional data used in sizing the
system are listed in Table 3-3. Also contained in the table

are the results of the sizing analysis described in the

remainder of this section.

Photovoltaic panels have a power weight ratio and bat-
teries have an energy to weight ratio which influence the
optimum design. Further, any combination of array area and
battery capacity in a specific location supplying a certain
load schedule will result in a certain loss of load probabi-
lity (‘LOLP) or availability (availability = 1 - LOLP) based
uponr the variability of solar insolation conditions at that
site, i.e., the effect of consecutive days of inclement

weather. If other constraints may be considered equal,

availability is a desirable quantity to maximize.

As a general rule in a sunny region with a low probabi-
lity of cloudy days, fewer days of storage and smaller arrays

are required to match the performance of a larger system in

less favorable climate. In the less favorable climate there
will be some optimal balance of array and storage for any

given availability or LOLP.

16
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Table 3-1
Tabulated Data for One and One-Half Ton Trailers

a. Cargo Trailers. Mlo4 M10441 M10541 M19542

Dimensions inside:

Height:
Totop of racks ......... ..o vivveiiiaiiiii.n, 311 9in 3{t 9in 3t 9in St 9in
To top of side panels .......................... 14t 6in 1t 6in 141 6in 11t 6in
To underside of bows ......................... 5t 5t Sft Sft
vength:
Body .. e i 9ft 2in 91t 2in 91t 2in 9t 2in
Rack ... 9ft 2in 91t 3in 9tt 3in oft 3in
Width:
Body ...l 6t 2in 61t 2in 64t 2in 64t 2in
Rack ... e 61t lin 6ft lin 6t lin 6ft lin
; Dimensions overall:.
j Height, less paulin:
(empty) ..o e 8ft 3in 81t 3in 8ft 2in 8ft 2in
; Length ... ... 13t 9. 13f19. 13£9- 131t 9-
Kin Yin WKin WKin
i Width ..o e 6ft 1lin 61t 11in 6ft 1lin 6ft 1lin
Drawbar coupler
(adjustable) ........... . ... ...l 24t 3. 2ft 7. 241 6. 24t 6-
Yiin Kin Yin Yiin
and and and and
21 9. 2t 11- 2fe 10- 2£¢ 10-
Q’ Yiin 3/ 5in Win Vein
Towing vehicles .. ............ ... ..o iy 2-K¥T 24T 2-4T 2.4 T
: 6x6 6x6 6x6 6x
. Weights: (all models)
» Pavioad:
, Croas country ........oiiin i -3.000 &
Hardsurface road .............cciiiiinnennn.n 4,300 b
! Vehicles (net} .......... ... coiiiiiiiiiainn, 2,650 Ib
] Total:
' Cross country .........c.ocvviieiniininnniinans 5,650 1b
‘ Hardesurface road .............. . .o 7,350 b
§ b. Water Tank Trailers. Ml10741 M10742  M10742C
' Capacity of tank (nominal) ........................ 400 gal 400 gai 400 gal
. Dimensions overall:
; Height:
To top of tank manhole cover ....... e 6ft 4- 6ft 4~ 61t 4-
¥Yiin Yiin Yiin
‘ Length ...... ... it 134t 7. 130t 7. 13 7-
Win WKin Kin
Width ... s 6f110- 64t 10- 6t 10-
Kin Win WKin
v Drawbar coupler
| (adjustable) ... 201 6- 24t 6- 21t 6-
F Yiin Yiin Yiin
\ and and and
. 2ft 10- 2t 10- 211 10-
l Yiin Viin Vain
Towing vehicle ..................... .. oot 2.%T 2-4T 2UT
6x6 6x6 6x6

Weights: {all models)
’ Payload: ....... ... ... . o 3333
5 ~Cross country .................. e ﬁ
Hard-surface road ............................ 3.613
Vehicle (Net} ... ... .. .. 2.280 1b

c. Trailer Chassis.
: M10341 M10342 M10343 M10343C M10344¢

‘ i Dimensions Overall:
i ‘ Height (to top of
: tirel ... 31t 4in 3ft 4in 3ft 4in 31t 4in Mt 4in
Length .......................... 1342 7. 13f 7- 131t 7 13k7- 13 7.
j WKin Win Win Win Kin
; Width ... 6ft 10- 6ft 10- 6t 10- 6t 10- 6 10.
‘ Kin Yin Kin Win Win

Ml1osA2c

31t 9in
1h 6in
Sh

oft 2in
9ft 3in

6ft 2in
64t lin

8ft 2in

1349
Kin

61t 1lin

21t 6-
Viin
and
26110
Yiin
2-K/T
6x6

M20344C

3t 4in
134 7.
Win
64t 10-
Yin

T S




Table 3-1 (Continued)
Tabulated Data for One and One-Half Ton Trailers

M10341 Mlo3A2 M10343 MiosAcC MI10344 M10344C
! Drawbar coupler
{adjustablel ......... ...l 2t 6- 24t 6- 21t 6. 211 6« 20 6- 2ft 6
Yiin Yin Yin Viln Viin Win
and and and and and and ;
201 10- 24t 10- 2t 10- 2t 10 21 10- 24 10.
‘ Yiin Win Veia Win Kin Win
: Towing vehicle ....................... 24T 24T 2.4 T 24T 2.4T 2.UT b
! 6x6 6x6 6x6 6x6 6x6 6x6 ‘
. Weights:
! Chassis ........ e e 1,560 b 1,560 1b 1,5601b 1,5601b 1,560 b 1,3601b
Pavload:
Croas country .........c.cocivviinnn 4,0901b 4090 4,0001b 4,0901b 4,0901b 4,090 b
Hard surface
PORAS . iit e i 5.5901b 5,5901b 5,5901ib 5,590 1b 5.5901b 5.5901b
d. Folding Side Shop Van Trailer M448.
- Dimensions overall:
{ Height lempty) .......ooovinnnns 81t 3%in
V Length ....oovviiiiiien cinnnn, 13ft 9%%in
Width ..o ft Tin
Van body over chassia ............ 31t 6in i
Weights i
3 Empty Cross-country  Highway :
i Payload: et 9 3000 lb 4500 1b |
! On wheels ... 2625 1b 54401 6845 1b !
? On Svant gear ... ... ... 333Mh $201h 615 1b |
f Total ..o 2960 1b 1460 Ib !
. Drawbar coupler (adjustablel .......... 26t 6% in. and 28t 10%in ‘
) Towing vehicle ................ ... ... 214 ton 6x6
‘ . Shipping cubage .................... 863 cu ft
' 1-19. Data and Service Plates j‘
: fig. 1-15) !
. ‘ . The data and service plates are located on the right :
o i side frame toward the froni of the trailer. ;

el al T
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Table 32
Tabulated Data for One-Quarter Ton Trailer

Width ........... . 1.3/4in.

Center of gravity forward of the rear axle

. 0.206 in.

Empty .......

... 23 in.
... 411 /2 in.

Thickness of lu;'es ..
(7} Shock absorbers.

‘ Loaded . .

1 (2) Overall dimensions. (see fig 1.2 Type ........... Non-adjustable, non-refillabie
g and 1.5 for shipping dimensions) Length

f Collapsed . . 10.87 in.

Cargo body (iniide)

F.xtended ‘..' e

L 17.44 in.

f Length ......... ... 8 1t
¢ Width .......... .3 1t, S in, Average stroke ... ..6.57 in.
{ Height .......... . 11 in. (8) Handbrake.
i (3) Weight, (see hgs l 2 and 1-5 for Type ..................... Expanding shoe
| Control . .. Hand
i Payload - .
) Cross country ..........|500,lb (9) Elcctncal :ystcm 24vdc
f Highway . (10) Tires.
i Weight on lnndmg leg Number .......... .2
[ Empty . . 80 1b Size
t Cross country ........... 102 b M416, MT16, M1762,
: Highway ... ....104 b M569 . e ...7.00 x 16
5 Weight on wheels M416B1, M569Bl .o...6.00 x 16
i Empty .. .. 350 1b Ply ...... ... 6 rating
! Cross country . ...828 b (11) Tire mﬂat:on
t « Highway ............... 1076 b Highway . . ceee.. 25 pii
(4) Lunette hezght 2 ft, 2 in. Cross coumry . 22 pei
! {Two position) ..... 1 ft, 11 in. Mud, sand, snow .......... 18 psi
f (12) Wheels.
{ (5) Axle. Diameter of stud circle .. ... 5.50 in
Length ..... .. 4 ft, 103/ 4 in. Number of studs ...........5
Type ........... . ... Tubular Rim size . ceev.. 16 % 450
: Dismeter ....... .. 2.9/ 32 in. Material . . Magnesium alloy
! Spindle .....................1:25/32 in. (13) Ch.,g,
‘ (6) Springs. Length ....................62in.
, Type ........ . Semi-elli; ‘cal Height .................... 16 in.
| Length (centerhne Number ................... 2 :
! of eyes, flat) . .31, 1/4 in. Material . . Steel ‘J

shipping weights)

Note: Custom design should permit cross country payload of 1000 1ib.

- — g,
— B e L T
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Des.:gns needing to satisfy a variety of conditions do not
have such an optimal point but there is sensitivity to the

balance of array ard battery over a variety of locations.

3.3 Computer Simulation

As indicated earlier and listed in Table 3-3, a variety
of locations were selected :epresenting a broad range of geo-
graphical and environmental conditions which might be experi-
enced in Army operations. A computer simulation was set up to
take array, batcery performance and location as inputs and

lcok at a full range of loads and duty cycles.

Output from che simulation was the LOLP for each load

combination for each month of the year.

By a ceries of iterations wvhich involved varying the
balance of battery and array for a fully loaded large trailer
ard fully loaded small trailer, system sizes were established

which had generully better overall performance than others.

For each trailer size, two array and battery size combin-

The sizes celected for the large
2

ations were selected.

trailer were 40 m? of array with 35 kWh of battery and 60 m“ of

array with 20 kWwh of battery while the size combinations for

20




Table 3-3
Transportable Photovoltaic System Sizing Data

PV PANELS 100 wp,'m2 output (standard conditions)
54 1bs./m?
Larger Trailer: Case 1 60 mz array
Case 2 - 40 m2 array

B R —

Smaller Trailer: Case 1 - 13 m2 array
2
Case 2 - 5 m™ array
Case 3 ~ 3.5 m2 array (1)
BATTERIES 20 Wh/lb. of useful capacity (2)

A e e e LU

Larger Trailer: Case 1 - 20 kWh
i Case 2 - 35 kWwh
. Small Trailer: Case 1 ~ 5.0 kWh
! Case 2 - 6.0 kwh
POWER LOADS

£ 5 125 W to 2 kW with duty cycles ranging from 25
percent to 100 percent

i LOCATIONS
Munich, West Germany

: Jerusalen, Israel
Seoul, Korea
Albrook A.F.B., Panama Canal

]
, i_ Almeria, Spain
Cambridge, United Kingdom

: Honolulu, Hawaii

1 Juneau, Alaska

j San Antonio, Texas
' Washington, D.C.

\ Note: 1. This smaller size of 3.5 M2 was analyzedé and
B concluded to be cost ineffective.
2. Basad on 50% depth of discharge,

e . vttt e T
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the small trailer were 5 m* with 5 kwh and 3.5 m® with. 6 kWh.
Battery sizing was based on a 50% depth of discharge. Beyond
a certain point the benefit of increasing battery size at the
expense of array area fell dramatically in many runs,
completely eliminating the utility of the small trailer alto-

gether. As a result, an alternate array size of 13 m2 for the

small trailer was also analyzed.

For convenient re.erence the data for both chosen systems

in the ten locations are presented in Section 6. Availability

is shown for each system and load on an annual average basis.

The LOLP figures for extreme months are also shown to give a

feeling for seasonal variations in performance. Availabi-

lities worse than 80 percent have been masked with a dashed

line and N/A is entered when the array simply cannot meet the

load.

For more detailed information, the data tables from which
the data in Section 6 were derived, are included in Appendix
A,

A example of the computer output format is illustrated
in Figure 3-1. For example, for the large trailer with a 60 m<
array located in San Antonio, Texas and tilted at 29.590 from

the horizontal (latitude) a load of 500 watts continuous (100%
duty cycle) could be served with an LOLP of 1.9%. Likewise,
for the small trailer with a 13 m2 array, a load of 500 watts

with a 25% duty cycle could be served with an LOLP of 10.9%.
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3.4 System Performance

For reference in the following discussion, the ten sites

are rank-ordered from the best system performance at the top
to the worst at the bottom.
Location Latitude |
1. Jerusalem, Israel 31.8°N
2. Honolulu, Hawaii 21.3°N
3. Albrook AFB, Panama 8.6°N
4. Almeria, Spain 37.0°N
5. San Antonio, Texas 29.5°N
6. Seoul, Korea 37.6°N
7. Washington, D.C. 39,09\
8. Munich, W. Germany 48.1°N i
9. Cambridge, U.K. 52.2°N !
10. Juneau, Alaska 53.4°N ﬁ

At a glance it appears that performance in regions

approaching the poles is more directly a function of latitude

while performance in equatorial regions is more site

dependent. On the other hand, close examination of the data
for the sites between Seoul and Jerusalem in the performance
ranking shows very little distinction btetween them in annual

performance,

etz
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How these diatinctions and others attect system utility
in varioua applications is taken up in more detail in Section

8.

In additfon to an analysis 6: the performance of the
mobile photovoltaic power systema which is based 5n an annual
basia, it is important to conaider the effect of seasonal or
short term performance. As  an example of seasonal
performance, Table 3-4 presents the results of the 60 m2 and
13 md arvays which are tilted for optimum sun angle for winter

and summer in Jerusalem, Izvael.

Note that the tilt angle adjustment of 47° for the winter
(December~-February) in Jervusalem permita a 308 increase iIn
pel formance for the 60 m4 array over the annual performance at
latitude tilt, Furthermore, & 17¢ array tilt tor the summer
montha (April-September) permitszs a 1008 increase for thias

arrvay sixe,

These reulta are i{mportant because military field
maneuvera may often be conducted for periods of 1-4 months and
monthly tables could be derived which would permit the maximum
output pertormance ot the arrays to be realized by appropriate

atrvay tilt adjustment,

Further vesults are illustrated in Table 3=-% for San

Antoniv, Texas where seaschal tilt adjustment permit winter
PR




L

: performance which is at least equal to annual performance
r results and summer tilt adjustment permit a 50% increase in
| per formance.
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Table 3-4

Comparison of Annual vs. Seasonal Performance

Location: Jerusalem,

Israel

I. Array Size: 60 m2 (Large Trailer)

Array Efficiency:
Battery Capacity:
Load: 2 kW

10%
20 kwh

1-LOLP (Availability): 80% Min.

Max. Monthly Load Met vs. Tilt Angle:

Annual Performance

Seasonal Performance

Latitude Tilt (31.8°)

2,000wWw @ 25% (DC)

Winter Tilt (47°)

Summer Tilt (179)

2,000Ww @ 37.5% (DC)

Dec - Feb

2,000wW @ 50% (DC)

Apr -~ Sep

II. Array Size: 13 m2 (Small Trailer)

Battery Capacity:
Load: 500 W
1-LOLP: 80% min.

Annual Performance

5 kWh

Seasonal Performance

Latitude Tilt (31.89)

Winteyr Tilt (479)

Summer Tilt (179)

500 w @ 25% (DC)

500w @ 25% (DC)

Nov - Feb

500w @ 25 & (DC)
Apr ~ Sep

———d

Note: DC - Duty cycle, e.g.,

equivalent to 500 watts continaous.

2,000 watt @ 25% duty cycle is

e ey e e e —— ~——
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Table 3-5

Comparison of Annual vs. Seasonal Performance

Py

Locationn: San Antonio, Texas

I. Array Size: 60 m2 (Large Trailer)
Array Efficiency: 10%

3 ; Battery Capacity: 20 kWh j

! Load: 2 KW i

1-LOLP (Availability,: 80% minimum

Maximum monthly load met vs. Tilt Angle:

A
i Annual Performance Seasonal Performance ]

Winter Tilt (44.590) | Summer Tilt(14.59)

i { Latitude Tilt (29.59)
2,000W @ 37.5% DC ;

f 2,000W @ 25% DC 2,000 W @ 25% DC
; Oct - Dec May - Sep

, I1. Array Size: 13 m2 (Small Trailer)
Z Battery Capacity: 5 kWh

: Load: 500 W

1-LOLP: 80% minimum

A AN L e i Mkttt e

Seasonal Performance

Summer Tilt(l14.5¢)

Annual Performance

Latitude Tilt (29.59) 'Winter Tilt (44.59)
500 w @ 25% DC 500W @ 25% DC 500w @37.5%DC
Oct - Feb May - Sep

|
!
|
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SECTION 4

STRUCTURAL ANALYSIS

The Conceptual Design of the Structure

In order to better assess the practicality of transport-
able photovoltaic systems a number of conceptual designs were
created for the mechanical and structural systems. T™wo of
these were ultimately selected for detailed analysis to verify
the feasibility of the most promising system. One design is
intended for application with very small transportable PV sys-
tems (3.5 to 13 m2 of array) appropriate for towing with a M

141 truck. The other is larger and can nanage array sizes up

to 60 m2 but requires a larger towing vehicle, specifically a

2.5 ton truck.

Several designers were assigned to produce the initial
conceptual designs independently so that a variety of indepen-
dent thougnts and solutions could b2 available for synthesis
in a final design procedure. Each designer, however, was

given the same guidelines as follows:

o Total system weight should not exceed 21 lbs./ft2

(103 1lbs/M2)0f array
25
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Cost should not exceed $5/ft? ($54/M2) of array
o} Should be possible to set up by two men in 30

minutes for small trailer and 2 hours for the large

trailer.

It was felt that if these minimum criteria could not be met

that the system would not be practical.

The two figures following synthesize these designs as

they were ultimately selected and integrated into the two

final systems. Figure 4-1 and 4-2 shows details of the

design concept for the small trailer PV system including many

of the structural features which apply to the set up proce-

dure. Figures 4-2 and 4-3, covers the same aspects of the

large trailer system.
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Figure 4-1. PV Panel Detail for Small Trailer System
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In the next sub-section entitled Methodology, we present

some of the backgrcund for the final design selections in the ]

way they were arrived at. Based on this methodology the final

| i designs were selected and are described in the final sub-

: section.

Methceodology

The recommended conceptual designs were developed in five

A e m o, L

* ‘ steps:

_;
, 1. the requirements were defined;

T T g 1

three independent designers developed concepts;

N
.

;

i

S 3. the concepts were evaluated in terms of their suit- ?

; % ability in meeting the requirements; j

L f 4. the most suitable designs were evaluated in terms of §
| the stresses, sizes of structural members and resis-~ é

tance to overturning; and

5. weights and costs were estimated.

27
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These requirements were developed in a meeting with

MERADCOM, held November 24, 1980.

The system was to be erectable within two hours by two
men. Disassembly and storing was also to take no more than
two hours by two men for the large trailer. Few separate
parts were to be used to minimize the risk of loss and the
larger trailer was to be no more than 12 feet long, so it
would be maneuverable at forward battlefront sites. It was
understood that the utility of the transportable systems would
be limited by the amount of storage that could be placea on
the trailer, but one--day storage was deemed acceptable in many
cases. However, the 1longer the storage, the better the
system. The design was to be carried through the conceptual
design stage with the intention that the end product should

illustrate potential military applications.

The system might be erected for one day or for many days
or weeks. It would not be used if the wind velocity exceeded
60 knots, so designs could be based on storing the system dur-
ing high winds. Erection and storing would be dcne manually.
It was anticipated that the trailer would be towed over 211

types of terrain, so sufficient ground clearance must be main-

28
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tained. Cost was not to be a major factor, of greater impor-
tance is that the user be confident in the operation of the

gystem,

The systems were to range from a size appropriate for a
trailer tcwable by an M 141 truck to one size to fit into a
trailer normally towed behind a 2.5 ton army truck. The
trailer need not be the standard trailer; even the towing
vehicle could be a special vehicle if this departure offered a

significant advantage,

Further, it was concluded that the trailer would always
carry the full complement of components. Individual users
would not unload batteries or panels in an effort "o save
weight, at the risk of being short on power. Therefore
attention was devoted to providing the maximum power that
could be delivered by each of the two trailer systems. It was
estimated that, for a four foot by four foot trailer, a five
square meter array would be reasonable, although the trailer
might nold somewhat more. The largest array that could be
carried on an eight foot by twelve foot trailer with a small
battery pack would be approximately 60 square meters, allowing
a two foot by twelve foot plan area for batteries and power

conditioners.

29




T e e

e e

s e ey

 aaiy

[

e

T T T ——
e ————

The independent results of the three designers prelim-

inary concepts are shown in Figures 4-5 through 4-13.

Tradeoffs among the various concepts were performed gual-
itatively, as illustrated in Figure 4-i1. Although perfect
distinccion between designs is not possible because each
design shares some similarity with others, the differences are
sufficiently clear to permit the comparison of Figure 4-14,

from which the recommended design was chosen.

The stresses, deflections and overturﬁing resistances
were computed by conventional means. The pressure coefficient
for the trailer-mounted array is taken to be approximataly
3.0, whether the wind is from the front or from the back.
Previously, pressure coefficients of 2.0 or less were
recommended. For the 60-knot wind, the wind forces will be
44.6 psf. The sizes of the members shown in Figures 4-1 and 4-
3 illustrating the :ecommended design, are based on this wind

force.

Once the member sizes had been determined by the allow-
able stresses and overturning resistances, the weight was
readily calculated. The cost was estimated by obtaining a

verbal quote for extruded 6061 aluminum and using this cost

30




o

L

A.—”m\ ﬁm._nmmmv pepiod si2ueg - E@um%m 197Tea] Tleug

SISCHHD AITNIHIL
azun41gow

oL v/1

2007 TINHL \
SEANVYD 40 iV \

Mo/L1SOd 131641 Y0
gFIqLS vt SArvdd

‘G- 3an3tg

.....

NOoHd

AXTFLIUY

o0 TR

T

I .3

L




— a2 PRI A e T 4 o g aRTTITTTI £ e
y v e e rpmen e s mie e ———err—— P

(14 udyseq) pokordeq sTaued - 1dTFeIL TIBUS “9-% 21n313q

SISSHHD

2371034 YOL v/
S aQz141aow
MY 13A37

37 LYo Q

OrvidooS 3734 S

v

30 HIJH3
237 A4
Mvid02€373L

YolL1saod
UVILEYTL0 ¥ 13NV -

[ )




- © e e e T e S T S T e e ap—————p T Vi B R

(z# u3rseq)
uuonmcmuau.umhvwmmauumhmhwaom.ﬁ._”mam.ntqouawﬂm

71

A

22/ A2y AFNUZ0=5 OWAFAL w




TR TR T e

@ REMOVE ProTecTive COYER

®

1DE

3L ARRAY STACK
-0 STOP AND SECURE

Small Power System partialiy Deployed (Design # 2)

e e e

.o
°|° p
s
' !
Y]

=3 ]
i
[




T

TR R T e e

R Y M O T e T e T T -

- LATCH -
3ropP

FoLp outr ARRAY PANELS
AND MOVE REARWARD 70

Small Power System Further deployed (Design #2)

Figure 4-9.

e nmnat o a il D DD nttatinioen s

i T b e A ok AL e ot



(24 uSTeag pakoTdoa ATTnd wa3sLg 19mod TTews °OT-% 21n31d

v Iy T02LNMOD o
| UFNOILIGNOD HTIMOL™

Avaary Ad AFAo1aad :




MODIFIED 112 TON Mios
SERIES TRAILEK CHASS/S

— 1 OUTRIGGER TRUSS
| STORED POS/TIoN

PANELS Il TRAVEL OR €7r2Ero

4

4

SY
- XS [
S X N
' AN .
i ' ’kii/ ~3
£ N NR i
! ig . ;
\/ |
| |
E N

Figure 4-11. Large Power S)stem - Folded (Design #3)




vohoanaa wal184S I3M0d agiel

(g4 udrsad)
.71~y 2an3%d

sspall 20 ONF H2YF SHIW
OMITZATT

Fa/s YL E  SSNAL
Y95/ Lo

SISSVHD DT INVIL
sorw dILGOW

. X\Q\k\w?.ﬂ.
b 1 LVNTSEO N STTAV

R A ot

Y
RS




ARRAY FANEL SIORAGE (ONE HALF OF TOTAL ALLAY)

o !
- ;
& |
e ;
b :
o i
'>, :
1 \ : 1
. : |
! 1 3 ’
, L |
| ! g : %
3¢ |
| 3
a ]
| ] z
{ ~ \\\‘ § »
N\ 2 i
. i] g :
» ; . . i |
. . e . o, 4 g ‘
: T g |
' oSl & i
t 3 ‘ ' ‘ : ‘
; g I il JITSS i/ g |
" ) ’ if1 /I"' k v INJ 4
i\ Il D N/TIEN . .
I I [} X }l'.'"' e / ,, 2
] f i A 3
.
< . & E) |
) ’ : f
% { ‘_;
i v . |
|
- |




i I O

Figure 4-14

Ranking of Various Design Concepts

Figure No. (Small Trailer)|Figure No.

4-1 4-586 4-7/10

1
1

N

L S

L TR N T I S

w O o F o~ b

I R P R

(Large Trailer)

4-3 4-11&l12 4-13

N N

- B S I = B S R )

2

Ranking based on rating of 1 to 4 with 1 being the highest.

Telescoping arms can bind.

Greater force to raise panel. Sliding arms can bind. Position of
toe rail results in heavier panel side channel, but many features

Transportable 1l 1 1
Tiltability 1 1 1
Foldable 1 1 1
Withstand Environments 1 1 1l
Separable to aid 1 1l 1
camoflaging
Light Weight 1 2 1
Compact When Folded 1l 1 1
Withstand Field Handling 1 1 1
Low Cost 1 1 1
Comment C B A
Overall 1 2 3
Note:
Comments:
A. Structure not integrated with module.
B. Telescoping arms can bind. Stakes to ground.
C. Can be rotated after erection.
D. Many separate parts. Wide array (8' x 72' versus 12' x 48').
More outriggers.
E.
of this design would be incorporated into the final design.
F. Few parts, all large.




per pound to estimate the total structure cost. 6061 aluminum
was selected because it can be most easily welded and
extruded. Higher-strength aluminums, such as 2024 and 7075,
are available at somewhat higher costs and are considerably
more difficult to fabricate. However, if the design is to be
pursued toward construction some of the alternate materials
should be more closely evaluated. Their use could reduce the
structure weight by 50 percent and hence improve photovoltaic
performance by allowing larger total array and battery

capacity.

The structure for the battery housing was also analyzed
and the trailer beds were found to provide gsufficient support
when constructed of channels and solid flooring. Therefore,
no additional work was necessary in this regard. A fiber-
glass-reinforced plastic cover would be placed over the bat-

teries for protection from the weather as well as for safety.

Finally, two designs were distilled from the range of
features advanced in the preliminary conceptual design phase.
Their descriptions and some details regarding their operation

follow.
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Description of the Recommended Designs

1. Small Trailer Size Transportable PV System
This smaller system is designed to carry a 5 m2 srray
(Figure 4-5) and be towable by an M 141 truck when the system

is stored.

The smaller trailer would have the batteries located down
the center line of the trailer with the photovoltaic modules
stored on edge, on both sides of the batteries, extending four
feet front to back and two feet high in the stored position. A
canvas or fiberglass cover protects the equipment from the
weather. The batteries are accessible from the ends of the
trailer even when the panels are stored or, for easier access,

one of the photovoltaic panels may be swung away.

The modules are each two feet by four feet, with the two-

foot edge resting horizontally when erected.

To erect the array, one of the two 120-pound panels con-
taining three modules is tilted upward, while still folded,
pivoting on a hinge attached to the trailer bed. The folded
array is then rotated around a vertical axis so the first
module is facing the sun. Hinges between the modules then
permit unfolding of the panel with its four-foct edge still

vertical so that all three modules face the sun. Bars are

32

e — s ———_ v N B st e ey s

e e i




’ i e U ) .
- T Ty e e
] .
i
¢
]
t

rotated, to lock the modules and prevent rotation around the H
| hinges after erection. Three back braces are attached to the !
structural channels at the rear of the modules with a rotating

key in order to lock the brace and the panel structure

T —r——

together. While one man holds the array, tiltina it slowly to
the optimal angle, the other attaches the braces to an eye on i

the trailer. The maximum force that need be extended by each

man would ta 65 lbs.

Jacks are then extended from the four c¢orners of the

i
F trailer to stabilize the system. The jacks are staked into

the ground with two or three stakes, depending on the wind

speed and the stiffness of the soil. By driving the stakes at

: an angle of 45 degrees from the vertical, approximately 1,000

————

pounds withdrawal force can be achieved at each jack. For 60-

e e R

knot winds, additional staking is required at the tongue.

However, nc staking at all is required at winds below approxi-

mately 30 knots.

One note of interest is that the small sized array can

; l deliver perhaps twice as much power per square foot as a

larger array if the vehicle is manually rotated to more %

b adagnnin

directly face the sun throughout the day. 0Only four rotations

woul3l be required daily and the structure has been designed so

e —

that all of the supports are on the trailer to facilitate

R

rotation. Since staking of the jacks is only required in high
33
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winds, re-orientation is not ditficult under most operating

circumstances.

2. Large Trailer Size Photovoltaic Transportable Systems

In spite of its much larger size, the 60-square meter
\36' long by 12' high) array designed for towing by the 2,5~
ton army truck is designed for erection by two men in less

than two hours.

The photovoltaic panels are stored on edge along the 12
foot length of the trailer rising only two feet high. As in
the small trailer, the batteries are located along the center-
line. The batteries in this case, however, are accessible
from a walkway between the panels and the batteries. In addi-
tion, one set of 12 panels may be removed for easier access. A

canvas or fiberglass cover protects the power system.

The array erection process begins with two men installing
the supporting structure. First, two 18 foot rails are
extended from each side. These rotate or telescope into posi-
tion. Two open~-web trusses per side are next installed by
latching tnem to the rails and staking them to the ground. On
windless days, only two stakes are required but in 60-knot

winds six stakes are required per truss. The men then each

34
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grab one end of a 12 foot by 2 foot 125-pound panel and carry
it into a horizontal position on the rails. When in position,
the panel is slid toward the rear of the rail and catches in a
keyway. After 211 of the panels are resting on the rails, the
men go to the north side, where each man lifts one panel,
grabs the rear support rod and push the rod until the panel is
at the desired tilt. The rod is then inserted into an eye on
the north rail and becomes part of the structure. The instal-~-
lation is complete once the panels are all at the desired

tilt. No bolts or pins are required.

The structure was designed to be fabricated from 6061
aluminum, which costs approximately $2.50 per pound in small
lots for extrusions. Therefore the cost of the structure as
designed is approximatelwy $5.00 per square foot of array or
50¢/watt. If 2024 aluminum were used instead, the cost would
be higher on a weight basis due both to higher material costs
and higher fabrication cost. On the other hand the weight
could be reduced by as much as 30 to 50 percent. Since the
total weight of the 6061 system is 860 pounds, this would
result in as litcle as 430 pounds for the 2024 structure. The
same structural/mechanical concept could be uszed with the

small trailer to increase the array size to 13 square meters.

35
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SECTION 5
LIFE-CYCLE COST ANALYSIS

5.1 Methodology

At the core of the analysis presented in this section is
the concept of the life-cycle cost of a system (LCC), defined
as "the present value, as ot a specified time period, of all
the cash outflows required for constructing and operating (in-
clusive of maintenance) a system over its lifetime." The
categories employed in this analysis are: 1) Operations and
Maintenance Costs (O & M), which include expenditures for
labor and materials required for supervision, operation, and
maintenance (exclusive of major capital replacement; and 2)
Capital Costs (CI), which include expenditures for equipment,
labor and materials required for construction and maior
capital replacement. "Nonroutine”, or major mcintenance is

treated as capital replacement and included wunder capital

costs.

Table 5-~1 presents a cost breakdown of the components
used in this life-cycle analysis. The following determinants

were used to compute these costs:

36
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The array cost per peak watt output i1s based on pro-
jected cost reduction goals by the Department of
Energy for the production of photovoltaic arrays.
It assumes peak insolation of 1,000 w/m2 at 10 per-
cent collector efficiency, with a result of

100 wp/m2.

The array structure, as indicated in Section 4, will
be built entirely <at of aluminum. The cost is
based on the use of two pounds of aluminum for each
square foot of array, with a cost of $2.50 per

pound.

The trailer costs are based on detailed estimates
supplied by a trailer manufacturer. The trailer
costs are for customized equipment conforming to all
applicable standards, and thus may be higher than
could be expected for modification of existing

designs or large-scale production.

The battery costs are based on a survey of current
battery costs. These costs assume the utilization
of high-quality lead-calcium batteries, with a 50
percent rate of discharge, and a useful lifetime of
ten years. Based on industry projections and cur-

rent research in battery materials, a price reduc-
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tion is projected during the late 1980's. All bat-

tery replacements are assumed to be at this lower

price.

Power conditioning costs are based on a survey of

equipment manufacturers. The declining cost esti-

mates are projected to result from standardization,

and technological development. This cost estimate

includes the cost of control apparatus and wirting.
Replacement costs are assumed to be at $0.20/wWp.

Equipment lifetime, based on manufacturer's esti-

mates is ten years.

O & M consts are based on computer cost runs and

actual operating data. Installation c¢osts are

included in these estimates.

In accordance with federal guidelines for equipment

purchases, the discount rate used in this analysis

is ten percent., Based on short run inflation rate

projections by several private forecasting firms,

and long-run projections by federal agencies, the

inflation rate used was seven percent. The 0 & M

present value multiplier was determined from these

parameters.
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The following calculations were used in the life cycle

¢ cost evaluation of the photovoltaic system:

1. The present value of the replacement cost of the

batteries and power conditioning was determined by: {
3
(1L +q) [ecx = l;iii>
1l +k

j -—

2. Capital costs (CIpv) were calculated by using:

; ‘ J

; z CI = (1 + g)P' ZE CI L1 +g

! A pv T\ +k

5 . 3. O & M costs were calculated by using the present
f : value multiplier.

\ ' ' 4. The capital recovery factor was calculated by:
? i k

. : CRF = — = .1174596
: * J 1 - (1l+k)

: i 5. The annualized system cost (AC) was computed by:

l -4d :
, C = (l+q) { CRF [(O & M)pv + CIPJ}= 0.12568 [(O&M)pv

I, |

The annual energy output of the photovoltaic system

- s

-
- a————
[« }
.

was determined as:

Ey = (% Duty) (Load) (Availability) x (24 hr) (365 dqys)
day year

7. The levelized energy cost was determined by using:

[y A
. - ' -

EL = gC
A

et 11 s e um e

viar-u g
. »
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where:

CI

The price year, or the reference year for
prices for which the best cost data is
available

The year of first operation for the system
The year for a particular expenditure.

The opportunity cost of money

Capital investment in year 't"

General rate of inflation

Present value of capital costs

Present value of operation + maintenance cost

e i
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5.2 Conclusions

Table 5-2 and 5-3 show the total and annualized system
costs for each cost schedule and for each array on the small
and large trailers. They indicate that current system costs
decrease dramatically over the next several years - thru 1986.
For perspective, cost schedule (1) represents current system
costs while the component costs reflected in schedule (5) are
projected to be reached by 1986. The total cost of the 60 m2
array decreases from $137,342 initially, to $34,089 in

2

schedule (5). Similarly, the cost of the 3.5 m® array drops

from $17,108 to $10,240.

2 array decreases to

The annualized cost of the 60 m
$4,595 from an jnitial $17,571. Figure 5-1 illustrates these
annualized cost reductions. These calculations may be
slightly high due to several factors which will be discussed

later.

Tables 5-4 and 5-5 show the total annual energy output of
each system, for each of ten selected cities, for loads of
250, 500 and 1,000 watts and duty factors of 25, 50, 75 and 100
percent. Table 5-6 indicates levelized energy costs for 40 m2
and 60 m? arrays. Figures 5-2 (a - d) indicates these costs

graphically. It is evident from Table 5-4 that the 5 m2 array
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is not reliable for any of the selected locations. Because
this array does not provide any significant power on a
dependable basis, there appears to be little justification for
calculating the energy costs of this system. It should be
notea that the duty factors represent the percentage of a time
period during which the system is being utilized. Since this
is a transportable system, it is highly unlikely that the
system would be utilized 100 percent, 75 percent, 50 percent
and possibly even 25 percent of the time on an annual basis.
While this assumption increases the energy cost for the

systems, there is a tradeoff of lower 1loss of 1load

probabilities on an annual average.

These energy costs are higher than normal for several
reasons. First, the energy output measured in Table 5-3 is
much lower than maximum potential energy. This results from

limitations imposed by the load, duty ifactor, and storage

capacity.

2 second reason that these costs may be high results from
the assumption of 10 percent collector efficiency. While this
estimate is reasonable, if not conservative with current out-
pPut technology, it is a low estimate for future efficiencies.
Industry projections indicate that average efficiencies of 12
percent can be experted in the near term with efficiencies of

up to 20 percent within the next decade. Even the two percent
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difference from 10 percent to 12 percent would result in a 20

percent increase in projected output; a significant variation.

L ; Third, it is important to note the significant contribu-
tion of initial trailer costs and trailer O & M costs to the
total and annualized system costs. Because the photovoltaic
system is not designed to be removable under normal operating
conditions, the cost of the trailer was assumed to be a system
cost. But because it is a fixed cost over time, while the
costs of the other major components decrease, the trailer cost
F i ; and O & M costs assume a larger portion of total costs over
| | time. For example, trailer costs for the 60 m2 array increase q

f ' _ from nine percent to 40 percent of total system costs. Table ?

5-7 shows trailer costs as a proportion of total costs, and

! presents the annualized system costs with the trailer i
: § excluded. Figure 5-3 graphically illustrates the trailer

costs as a percentage of total costs.

¥t

Because the trailer costs are such a large portion of the

system cost, especially in later years, the energy cost does

not drop as significantly as it would if the trailer were not
considered part of the system. Table 5-8 shows the energy

cost with and without trailer inclusion in system costs for a

selected location on a 500 watt load for a duty factor of 75

percent. Figure 5-4 illustrates the lowering of energy cost

[ which results from trailer exclusion.

iy
R
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Table 5-7

f Effect of Trailer Cost on Levelized Energy
Cost for 500 Watt Load at 75% Duty Factor
: ' Cost Schedule

Array Size m? (1) (2) @) @ (5)

San Antonio

40 w/trailer 5.40 4.24 2.09 2.04 1.81

; w/o trailer 4.70 3.52 2.38 1.33 1.10 i
8¢ w/trailer 5.36 4.00 2.66 1.67 1.40 !
{ w/o trailer 4.88 3.44 2.10 1.12 0.84

! i Jeiusalem 1
5 ! 40 w/trailer 4.20 3.30 2.41 1.50 1.41

{ w/o trailer  3.65 2.4  1.86 1.0 0.86

f 60 w/trailer 5.35 3.99 2.66 1.66 1.40

1 w/o trailer 4.87 3.43 2.10 1.1 0.84
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Table 5-7

Comparison of Annualized System Costs

Wwith and Without Trailer Costs

(1980 Dollars)

Cost Schedule

Ariay Size m? (1) (2) (3)
60 m2
AC (w/.‘railer) 17,200 12,749 8,352
AC (w/0 trailer) 15,378 10,972 6,535
Trailer as % Total Costs 9% 13% 19%
40 n?
AC (w/trailer) 13,540 10,573 7,642
AC (w/o0 trailer) 11,718 8,750 5,820
Trailer as % Total Costs 12% 15% 21%
5 m2
AC (w/trailer) 2,416 2,045 1,679
AC (w/0 trailer) 1,505 1,134 768
Trailer as % Total Costs 38% 45% 54%
i- 3.5 w2
AC (w/trailer) 2,126 1,865 1,609
AC (w/0 trailcr) 1,214 954 698
. Trailer as % Total Costs 43% 49% 57%
e B ol e

(4)

5,092
3,270
32%

5,936
3,114
32%

1,325
414
69%

1,300
389
70%

B VR
T— e e————— —— e e T o




Table 5-8

Comparison of Annualized System Custs

With and Without Trailer Costs

| i Cost Schedule $15/Wp $10/Wp  $5/Wp $2/Wp $1/Wp

T Array Size m® (1) (2) (3) (4) (5)

; 60 m2 .

§ | AC (w/trailer) 17,571 13,120 8,724 5,463 4,595

é | AC (w/o trailer) 15,749 11,298 6,902 3,641 2,773

E ‘ Trailer as % Total Costs 9% 14% 21% 33% 40% ;

% ? ‘ 40 m? 3

& AC (w/trailer) 13,813 10,846 7,915 5,209 4,630

; AC (w/o trailer) 11,992 9,024 6,093 3,387 2,808 _

E i Trailer as % Total Costs 13% 17% 23% 353 39% f

i. 5 me j

E AC (w/trailer) 2,450 2,079 1,713 1,359 1,287 7

h . AC (w/o trailer) 1,539 1,168 802 448 376 §
. Trailer as % Total Costs 37% 44% 53% 67% 71% 3

|




e o

As a result of these factors, the systems energy costs

are substantially greater than if these factors were excluded

from the analysis. There is debate as to whether or not these

factors should be considered in the overall analysis, but they
have been included so as to present the most conservative cost

estimates. Their effect should be noted in any cost

effectiveness considerations.

From the data presented in this section several broad

conclusions concerning the costs for the different systems can

be reached:

1. The small trailer arrays, 3.5 and 5 square meter, do

not generate sufficient energy or maintain suffi-

cient availability to be economical and reliabla

power systems.

2. There are several 1locations (Cambridge, U.K.,

Juneau, Alaska) where the systems maintain high

energy  costs throughout the cost reduction

schedule. Coupled with high LOLP, in these

locations, the solar power system does not appear to

be economical or practical power systems.

In contrast to the locations mentioned above, a

number of 1locations exhibit reasonable energy
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costs, especially with the projected system cost

reductions,

]
) Overall the smaller array is the least expensive

system initially, due to the relative expense of

; larger arrays size versus larger battery capacity.
But as the array cost decreases, the 8§90 m2 array

' ‘ becomes more economical than the 40 m2 array. The

trend in cost reductions indicates over the long run

the larger array would be less expensive per energy

output. i E

{ - 5. In all locations, the larger array is both more

reliable {lower LOLP) and, in the long run, less ’

i .
o expensive per energy output. Since the smaller

GO e e Ay e e o
T Gl

ﬁ trailer arrays appear 1inadegquate to «carry a

B e aaa e

significant load, the large array with modera:e

storage capacity appears to be the most cost effec- ;

tive solar energy system.
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SECTION 6

TRANSPORTABLE PHOTOVOLTAIC SYSTEM CHARACTERISTICS

In this section, the results of the sizing analysis des-
cribed in Section 5 are presented, as well as an understunding
of how to interpret the performance charts for the separate

locations and individual trailers.

As described in Section 4 the objective in presenting
this information was to provide the basis for decisions con-
cerning which system o0 use for a given location and load.
For this reason charts have been presented at the end of this
section which summarize performance characteristics (avail-
ability) as a function of load, duty cycle and trailer size
for ten representative locations. Data in these charts is
based on the assumption that the trailer is oriented to the
egquator and tilted to the appropriate latitude. Improvement
may be realized by optimizing both tilt and orientation with

respect to the daily and seasonal position of the sun.

6.1 Use of the Performance Charts

The charts at the end of this section present the loss-
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of-load-probability and availability for three trailer sys-

tems at ten locations under a variety of load conditions. The
charts are presented in order of best performance first and
worst last, by location. The ranking is the same as presented

in Section 3.

j These Section 6 charts present only data for applications
where availability is greater than or equal to 80 percent.
When availability drops below 80 percent a dashed line masks
the data and when the system is simply too small to meet the

load at all then "N/A"™ is inserted.

Four major columns represent the load in watts with four
minor columns under each of these representing the percentage
of 24 hours the load is supplied. The rows of the chart pre-

sent the loss-of-load-probability and availability for each of

the trailers. Two charts for each location present a total

of five possible array, battery and trailer combinations.
LOLP and availability are first given on an average annual j
basis but this alone 18 not enough to give a feeling for the ;
application on a seasonal basis. For this reason minimum and %
\ maximum LOLP's are also provided in the last two rows of each
trailer's data, minimum and maximum refer to the smallest ana

largest LOLP occurring during any month of the year.

In Honolulu, Hawalii, for example, the number one small

i . trailer, when usea with a 250 watt load supplied 25 percent of
» 50
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the time will be available 88.1 percent of the time (LOLP =
11.9 percent) on an annual basis. Referring to the min/max
rows, however, one sees that the LOLP ranges from 0 to 100
percent. For more detailed information the user must refer to
the Appendix of this report where the complete computer output
is presented on a monthly basis and interpret the appropriate
chart as it is explained there. Doing so for the given
trailers and load in Honolulu reveals that December availabi-
lity arops to 0% and January just exceeds 60 percent, but all

other months exceed 95 percent availability.

If then the range of LOLP extremes on the condensed chart
exceeds acceptable limits for the user, then the user must in-
terpret the more detailed data to determine whether or not the

time of year for intended use is prohibitive.

An example of a case not requiring use of the Appendix
charts would be in the chart for Jerusalem, Israel, the best
location presented. Looking at the large trailer for a 1,000
watt load used 50 percent of the time reveals that availabi-
lity averages 99.4 percent year round. The range of LOLP is
from 0 to 7.5 percent (availability = 92.5 to 100 percent).
Providing that a 7.5 percent is not unacceptable, the large

trailer could be selected for this application with no further

examination.
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Presented in this way the decision to deploy a photo-

voltaic power system trailer requires only four inputs:

o The location of interest
i o The load size in watts
E o The percentage duty for the load in 24 hours on an
? average
; i o The maximum acceptable LULP

Beginning with the selection of location a chart is
selected at or near the proposed site. More charts may be
generated for any location for which meterological data is
avai;able, including more than 200 sites worldwide. On the

appropriate chart from Section 6, the load size and the duty

A T e S P TS <

factor beneath it which most nearly corresponds to the per-

- centage use are selected. Reading down this column the

.

decision maker checks the overall availability of eacn

trailer. For those which meet their acceptability criteria, ‘

{ f they must check the min/max range of LOLP and see if it is also

acceptable (referring to Appendix A if necessary). Of those |

trailers which meet the performance criteria, one may wish to
select the smallest for ease of transportation or perhaps a

larger trailer if multiple destinations are planned where

other loads or conditions prevail. This decision is strictly

a logistic one depending on other parameters as well as per=-

formance.

i
1
%
i
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System economics may be a governing factor if a decision

is being made between a photovoltaic system and a diesel

generator set, for example. In this situatio., reference to

Sections 2 and 5 cf this report will help to clarify this
issue, In cases where the small trailer is feasible (for
example with smaller loads) the busbar energy costs may be

! considerably lower than for an under-utilized large trailer.

On the other hand, perhaps the difference in availability

{
| may be between 90 and 95 percent for a small and a large
E ! ; trailer. A look at the energy costs for the two options will

reveal the marginal costs for that extra five percent avail-

ability with the large trailer. That cost may frequently be

found to be quite high.

I
——

For many applications, especially temporary ones, energy

cost analysis will not be pertinent when taken as a busbar

] _ :
cost over a full years' operation. More important will be the !

. : capital cost of alternatives and the comparative reliability

of alternate systems.

-t 0

6.2 A General Overview of Systems and Applications

| . . . Co s
As was briefly mentioned in Section 3, it is noteworthy

0 that a distinction forms between insolation in regions
} 53
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approaching the equator and regions approaching the poles.
The reginons about 40° latitude seem to degenerate uniformly in
insolation levels with increasing latitude largely
independent of site specific variations. Below 40° latitude
performance seems more highly sitce specific. Local conditions
such as smog, of course, alter this conclusion. It is impor-
tant also to note that the higher latitudes experience wider

discrepancies in performance than do the lower ones.

If these tendencies hoid true over the sites of interest
then the following two decision strategies are suggested.
First, in higher latitudes, a trailer which will serve a load
in one 1location will very likely serve the same 1load in
another 1location at the same or proximate latitude because
performance here is dependent heavily on latitude. Progres-
sively laryer photovoltaic systems are required as latitule

increases,

Secondly, in regions below 40° and especially below 300,
altnough performance is considerably more dependent on sites
than latitude, the performance between one site and another
does nct vary that dramatically becaus. insolation is
generally high. This suggests that a trailer deployed in an
equatorial or sub-tropical region would also have a wide range
of applications in other adjacent regions, not only going east
and west as befor:, but also covering quite a range of lati-

tudes north and south.
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A look at worldwide insolation maps tends to bear these
conclusions out in a general sense. The isolines of constant
solar insolation tend to be fairly smooth east to west in
latitudes above 40°. Below 30° however, they tend to form in
more isolated circular patterns but the intensity remains very

high throughout the gradient. See Figure 6-1.

Another more striking conclusion brought out by the
results of the computer simulation is the surprisingly limited
utility of a small trailer loaded with photovoltaic array and
battery. Even in Jerusalem where conditions were the best,
the smallest trailer (3.5 m2 array and 6 kWh battery) served
only the smallest load (125 W) and smallest duty cycle (25
percent) with better than an 80 percent availability. The
next largest trailer with 5.0 meters of arravy improved

performance by 43 percent but still only served 250 watts 25

percent of the time.

As previously stated, the sizing of array and battery was
based on trailer capacity primarily. Even though these
physical constraints exist, analysis was performed of a small
trailer with 13 m2 array and 5 kWh of battery storage. This

resulted in a performance improvement of 17z percent over the

5 m2 array and 290 percent over the 3.5 m2 array, making it

possible in Jerusalem, at least, to run loads of 500 W up to 25

percent of the time. Even in Munich, this configuration would
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manage 250 W at 25 percent duty cycle with 83 percent avail-

' ‘ ability.

2

Because of the large array area of a 13 m“® array on the

small trailers extreme measures would have to be taken to

. eliminate the sail effect in strong winds if such a trailer

were to be made. This could entail extra long outriggers,

‘ extensive guy wires and reinforced panel structure, Set up

? also would be more time consuming.

All of this effort would increase the size and weight of
the smaller trailer and still only serve a load of a few hun-

dred watts at most.

et e i

} Certainly some electrical needs can be served at these 3
levels, but the demand for those small loads must certainly be
considered in deciding whether to produce such a small system

in addition to the larger one.

Conclusion:

If sufficient demand exists for exclusively small loads

or very small duty cycles, then a small trailer can certainly
| provide an economic option. If on the other hand demand is
small or occasional for small loads, perhaps only the larger
trailer will prnve economic. Again, reference to the energy

cost analysis of Section 5 will prove helpful in this case.
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APPENDIX A

f f This appendix contains the detailed output from the
computer runs analysing the performance of five photovoltaic

]
|
‘ trailer array configurations. These were:

i
Trailer Array (m2) Battery Storage (kWwh)
Large 60 20
]
1 large 40 35
: | Small 13 5
Small 5 5
Small 3.5 6

The output presented here is shown on a more detailed

(monthly) basis than dealt with in the body of the report.

To read the charts note the fact that each one was
generated for a single load, either 1000 or 2000 watts, and
a range of duty factors. Smaller loads must be interpreted
l by the appropriate duty factor of the larger load. For ex-

ample, using the chart for Jerusalem covering the 60 m2 array

, and 20 kWh battery, find the availability for 1000W at 75%

: duty cycle in the month of December.

{ Step 1. %%%% = 50% (the column equivalert to f

1000W at 100% duty factor)




Step 2. 50% x 75% = 37.5% (the column of interest,
1000W at 75% duty cycle)

f Step 3. Read down the 37.5% column to find LOLP for
December. It is .60740, therefore avail-

ability = 1 - .60740 = .3926 or 39%

Conclusion: If a 75% duty cycle for a 1000W load is re-

quired in Jerusalem in the month of December
with an availability of 80% or better, this
: system will probably fail to meet the load
f ’ with sufficient reliability. Note hsowever,

that performance in all the other months

exceeds the reguirements.

For convenience the charts are arranged as before in
order of best performing locations first. For each location
the system sizes are presented in order of decreasing array

size.
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APPENDIX B

STRUCTURAL ANALYSIS




A CHECKLIST FOR THE ANALYSIS OF THE MERADCOM STRUCTURE

Will the trailer overturn in the wind

Will the trailer overturn when taking normal turns at high
towing speeds

Will the tie-downs hold during movement over rough terrain

Will the support rods hold during winds from the front and
back

Will the support have lateral stability for winds from the
side

Will the trailer fill with rain closed or open

What strengthening is required for the trailer to hold the
batteries *

How strong must the fold-out arms be

How strong must the outriggers be

How strong must the pinned joints of the foldout arms be
How tolerant will the design be to uneven terrain

e the erection forces higher than the normal forces
Will the structure buckle -- especially the support rods

What is the most severe tilt including wind loads and the
angle of the support

How load-bearing must the soil be

Will cannon fire impose severe loads on the structure (e.qg.,
lateral loads

How will the structure behavr ‘ez wind gusts ~-- what is the
natural frequency as compareu to the vortex shedding
frequency

Will the structure hold one man standing on it -~ for repairs,
construction or against instructions

Are the transporting loads higher than the erected loads

wWhat are the hold-down loads
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Can the batteries be placed along the centerline, or must
they be located near the axle

What is the natural frequency of the battery/trailer combina-
tion

Keep the c.g. near the axle for ease of towing and rotating
once on site

wWhat are the best materials to be used

From what height can the trailer be dropped without damaging
the power system

How will the panels be installed and supported along the
slant height

Is a horizontal brace needed to keep the rails from spreading
apart - will a wire suffice or must a compression member
also be provided

How will the back brace resist lifting with a wind from the
rear

How will the front brace resist lifting with a wind from
the front

Should gquy wires by used to resist the uplift/overturning

Can the array and trailer be rotated after erection or are
the loads too great

Perform rigid-body analyses as well as deformable-body analyses
Take the wind-load data from recent reports

Watch the dead weight as well as the live load
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FORCES ON THE COLLECTORS

; According to a study of array wind loads performed by
E Boeing, the combined front and rear (suction) forces could
f ' result in normal force coefficients of 2.0, Values of 2.5
é were measured by VPI investigators, who performed tests of
i wind-tunnel models. The negative implies the force (and

wind) are from the rear. Cp of 1.51 was observed when the
wind was from the front. Gusts giving Cp = -3.93 to 5.61

occurred.

L { At a wind velocity of 60 knots (101 FPS), the wind pres-~
sure is 14.63 PSF. For now, we will assume the structure

1 f to be flexible enough to withstand the gusts; howeve;, we

will design to Cp = ~3.05 to +3.05 to provide sufficient

safety factor. Then the wind force is + 44.6 PSF,
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